This paper reports on recent research into magnetohydrodynamic (MHD) phenomena applicable to fusion technology. In Europe, experiments on the relative enhancement of heat transfer in liquid metal (LM) flows in ducts with electrically thin or insulated walls show a factor of two increase due to strong shear flow boundary layers when compared to slug flow solutions. This increase has no associated increase in pressure drop. Stronger enhancement is possible with mechanical promoters, but pressure drop increased concomitantly. Electrical turbulence promoters have been shown in theory to aid in heat transfer as well, although preliminary experiments in Europe show no enhancement and a 20% increase in pressure drop. Experiments in Japan show that the maximum enhancement for liquid Lithium occurs for values of the interaction parameter in the N =10 -20 range. Other recent experimental efforts in Europe, Japan and Russia on natural convection in the presence of magnetic field, formation of insulator coatings and modeling of insulator imperfections are also described. In the USA, design and analysis of liquid systems utilizing all-liquid walls have lead to interest in turbulence simulations for heat transfer at free surfaces of both LMs and Flibe. Free surface flows are particularly sensitive to changes in MHD drag since no applied pressure can be used to drive the free surface flow. For this reason, Flibe is considered a prime candidate for liquid walls and is also considered in Japan as the top candidate for Large Helical Device (LHD) breeder blanket. Experimental work with Flibe simulants is currently underway in Japan, and under development in the USA. Analysis of LM flows under liquid wall conditions is being performed in the USA as well. In Russia some further experiments were made for divertor/first wall LM free surface flow, LM heat pipes and porous structures with Li evaporation.
Introduction
The possible application of flowing liquid metals (LM) or electrically conducting liquid salts (Flibe) as coolants in magnetic confinement fusion reactors has greatly influenced the study of magnetohydrodynamic phenomena in liquids over the past 30 years. Of particular interest to fusion researchers are the effects of the magnetic field on heat transfer via modifications to both the mean velocity profile and the turbulent fluctuations; and the effects on the hydrodynamic drag from the closure of electric currents through boundary layers and structural walls. Fusion research programs worldwide have traditionally engaged in modeling and experiments designed to investigate these physical phenomena in various geometries relevant to fusion first wall, divertor and blanket applications, where heat transfer is a significant challenge. A complete review of the long history of this work is not possible here, and the reader is referred to past reviews [1, 2] and MHD texts for more detailed background and references.
In the present paper, recent MHD researches for fusion and closely related applications in Europe, Japan, Russia and the USA are described. In the past several years, a number of different experimental and numerical modeling efforts have produced interesting and relevant results for fusion. Analytical studies have been performed to interpret the phenomena of MHD turbulence, MHD pressure drop and heat transfer both in liquid metals and molten salts, and in closed ducts, open channels and two-phase flows. The paper concludes with the identification of nearterm MHD research issues and needs for fusion applications. Symbolic definitions used freely in this paper are defined in Table 1 .
MHD velocity profiles and pressure drops in closed channels

Rectangular channels
Recent work in Japan shows that a calculated [3] velocity profile for mercury flow in a non-conducting rectangular channel agrees well with experimental results, but the measured skin friction C f for a lithium flow [4] is lower than the values estimated by the simplified MHD pressure drop expression [5] :
where k p = c/(1+ a/3b +c) is defined for rectangular channels, and the Hartmann Number (M) and Reynolds Number (Re) are based on the hydraulic diameter, D h . Numerical calculations were also performed for the lithium flow [6] which show that Eq. (1) agrees with the experimental and analytical results if k p = 0.13 ( Fig. 1 ), approximately 1/2 of the expected value. These results are in apparent conflict with [1] , where for 14 channels of circular and rectangular cross section, including those with small aspect ratio, the discrepancy from Eq. (1) was less than 10% as a rule. Some evidence suggests that flow behaves as if there is additional wall resistance, possibly coming from incomplete wetting of the Li, but should be further addressed by the authors of Refs. [4, 6] . Other rectangular geometries, including the effect of wall thickness and the electrical interaction of parallel channel flows, were examined analytically zones obtained numerically are not confirmed by the experimental results. Development and testing of coatings for stainless steel channels with Na or NaK as a working fluid are described in [11] . The results obtained with vanadium alloys samples in lithium [16] using AIN-based coatings are not encouraging. Both AIN and CaO coatings gave negative results (no coating was detected after the tests).
Circular pipes
MHD pressure drops in a circular channel at large M in the presence of a transverse magnetic field were also analyzed in Japan [8] . The pressure drop of a lithium flow of this type in a thin conducting channel were measured using special high-temperature pressure transducers mounted on the channel [17, 6] . The measured value was again lower than indicated by Eq. (1) with k p = c/(1+ c)=0.057 (obtained for the circular channel utilized in the experiment), but agreed when k p = 0.028. A similar problem as that mentioned for the rectangular channel lithium data discrepancy may exist here as well, as, presumably, the same facility was used for both tests.
The pressure drop of a mercury flow in a conducting circular channel in an axially nonuniform longitudinal magnetic field up to 6 T was found to agree roughly with the expression, C f = 2N, if the transverse component of B was used as the characteristic field [18] . For mercury flow in helical tube made of copper under a strong axial field, the skin friction coefficient agreed with Eq. (1) with k p = 1.846 for conducting circular channel if the transverse component of B was again used for building the Hartmann number [19] .
Pressure drops of a NaK flow in a circular channel with imperfect insulation in the presence of a transverse magnetic field were measured experimentally [20] . The value of the exponent of the applied magnetic flux density, n, in the pressure drop expression dp/dx 8 suB n , was determined to range between 1 and 2 as a function of the density of cracks on the surface of the insulator.
in [7] , and the effect of small aspect ratio, b = b/ a was analyzed in [8] .
An analytical/numerical study of LM flow in an insulated rectangular duct in a spatially varying magnetic field was performed in the USA using a spectral-collocation method. This method proved to be efficient and accurate in analyzing flows with large values of M and Interaction Parameter N [9] . For a square channel it was shown that the dimensionless 3D-pressure drop associated with a halving of flux density B was accurately determined by the formula:
where M was based on the initial field strength.
The effect of imperfections of insulating layers on MHD flow in channels is mathematically modeled in several papers [10 -16] , where the possibility of dramatically increased pressure drop and reversed flow zones are seen in a variety of cases. In a recent experimental study [10] , local imperfections were simulated using a copper insert positioned on the channel walls. The studies demonstrated the increase in the MHD pressure drop if imperfections are on the sidewalls. Both the experiment and the numerical calculation [10] demonstrated proportionality between the skin friction coefficient and the interaction parameter. However, the reverse velocity
Laminar MHD heat transfer in closed channels
A significant intensification of heat transfer can be realized using MHD effects even though the pressure drop remains close to that in unperturbed laminar flow. One of the possible means of heat transfer enhancement is generating vortical velocity fields using conducting insertions in the channel walls. In doing so, the local volumetric flow rate near the heated wall is increased by a secondary mixing flow from the core of the flow to the heated wall and back. The possibility of establishing this vortex type flow without significant increase in the MHD pressure drop by means of longitudinal conducting strips in the Hartmann walls was shown in [21] . Regular vortices similar to those in the Kármán wake behind bluff bodies were generated due to an unstable mean velocity profile. These longitudinal conducting strips as a heat transfer promoter were also considered in [22] . The calculations carried out for laminar fully developed flows showed that depending on the strips position and their width, the Nusselt number could be increased by more than a factor of two compared to the same flow without strips, while the MHD pressure drop does not grow significantly. Other variants of heat transfer promoters were also analyzed numerically in [23, 24] , where concentration of flow near heated walls enhances heat transfer (see Fig. 2 ). The promoters considered can also lead to enhanced turbulence if the flow parameters exceed their critical values.
An experimental verification of heat transfer enhancement due to high velocity jets at the side walls in a slotted electrically conducting channel with the large aspect ratio, 10:1, was made recently in Russia [25] . It was observed that heat transfer enhancement does occur, but only over a comparatively narrow Hartmann number range. This is related to the formation of side-wall jets and the saturation is attributed to the fact that velocity jet flowrate does not increase once the M-type velocity profile is fully formed.
Two-dimensional turbulence and heat transfer
The existence and the duration of 2D turbulence in MHD flows [26] [27] [28] [29] [30] [31] [32] [33] [34] has been and continues to be investigated experimentally and theoretically in many fusion and non-fusion laboratories around the world. With the assumption that an insulator coating will be unavoidable in fusion reactor applications, this phenomena becomes particularly interesting for fusion, as very long lived turbulent fluctuations can exist in insulated channels even at high Hartmann number.
Turbulence formation and damping characteristics in forced duct flow
Recent experimental and theoretical studies have been conducted to investigate the generation development, momentum transfer and the damping of 2D turbulence in forced duct flow under fusion relevant MHD conditions. The local transport phenomena [35] in a turbulent liquid-metal duct flow in a transverse magnetic field was studied by measuring the change of the local void distribution of bubbles injected homogeneously at the entrance of the test channel. A method to visualize the generation and propagation of twodimensional vortices in the flow in a rectangular, electrically insulated channel was developed [36] and applied [37] to visualize how 2D vortices are generated by shear flow in a rotating liquid metal under a vertical magnetic field. The damping of 2D turbulence in channels with different shaped cross sections was addressed in [38] . A theoretical investigation of how 3D Kármán vortices are influenced by a transverse magnetic field was performed in [39] . Kármán vortex shedding from a square cylinder between electrically insulated parallel plates was also simulated in [40] using 3D adequately predict conducting wall flows with side-layer jets.
MHD heat transfer enhancement in thin-walled tubes with and without turbulence promoters
Experiments on heat transfer under fusion relevant conditions in a thin-walled and electrically insulated cooling ducts and flat boxes have been conducted [47] [48] [49] [50] The results show that the heat transfer under MHD condition in a thin walled cooling duct with a rectangular cross section is improved by turbulent transport by a factor of about 2 with respect to slug flow solution -the model used in the past for design calculations [47, 48] . The turbulence is generated by the shear flow of the side wall jets which are a characteristic for the MHD flow in such channels. The corresponding dimensionless pressure drop keeps nearly constant although the flow proceeds from laminar to turbulent at higher Reynolds numbers. Using electrical turbulence promoters -coupons of copper embedded in the thin Hartmann wallsinstalled close to the heated wall, no measurable enhancement of the heat transfer has been observed for the rather short heated length of the test section within a Reynolds number range Re=10 3 -10 5 . Nevertheless the temperature distribution across the duct indicates that for longer heated lengths (increased thermal boundary layer thickness), a further improvement of heat transfer can be expected. Similarly, if the coupons could be placed closer to the side-wall, so as to increase the flow in the thermal boundary layer -again direct numerical simulation method. It has been found that 3D vortices change to 2D vortices downstream at high applied-B. An anisotropic Reynolds-Stress approach [41] was applied to the analysis of initially homogeneous turbulence decaying in a magnetic field, with some success. However, such promising engineering models (like the k-o model discussed below as well) need considerable fitting and tuning to accurately predict the complex MHD interaction.
Attempts to model turbulent flow in closed channels utilizing the k-o approach have been reported in [42] [43] [44] [45] [46] . For insulated pipe flow good agreement was found between measure turbulence statistics and the numerical calculations [42] . In order to increase the experimental database for MHD turbulence behavior, axial turbulence intensities near the side-walls were measured using a potential probe in a mercury flow in a conducting rectangular channel [43, 44] . It was found that laminarization occurs at M/Re =5.2 × 10 − 3 having peaks in the similar way as laminarization of normal fluid flow (Fig. 3) . The turbulence intensity obtained numercally in [38] with a k-o model [45] , poorly matched the experimental data. The authors concluded that a more elaborate MHD turbulence model is required to adequately simulate the turbulence in electrically conducting ducts. In [46] it is postulated that an additional term involving the correlation of potential-velocity fluctuations needs to be included in order to enhancement is expected. The pressure drops in the cases reported here are only increased by up to 20%.
Mechanical turbulence promoters used in the test section with insulated walls improve the heat transfer up to seven times compared to slug flow, but the corresponding pressure drop increases within the measured range of Reynolds numbers by up to 300% [47, 51] . Related work in Japan shows that projections attached at the inside surface of side-walls may promote heat transfer on the side wall via 2D turbulence, which develops downstream from the projections. The measured turbulence intensity downstream from semi-cylindrical projections [52, 53] confirmed that turbulence develops significantly even above the regular laminarization limit. The heat transfer coefficient at a side-wall was measured for lithium flows in a conducting rectangular channel under a horizontal transverse magnetic field [4] . It was found that the Nusselt number at the side-wall increases significantly with an increase in the Hartmann number. This heat transfer enhancement is in contradiction to the conventional theory of heat transfer deterioration caused by laminarization. The possible mechanisms for enhancement in this case are the development of 2D turbulence [3] and heat transport by jets in side layers [6] . These studies indicate that the effect of turbulence was not enough to explain the increase in heat transfer. A similar conclusion was reached in [54, 55] using a Renormalization Group (RNG) Theory model of the normalized turbulent viscosity. Using this computational method, the turbulence is seen to manifest itself as a decrease/increase in the side-layer jet velocity/width, and does not affect the core region or Hartmann layers. The conclusion of the analysis is that high velocity of the jets in the laminar solution is more effective in removing heat, than the turbulent mixing with lower jet velocities. This conclusion was reached for Li only, and may vary for liquids of different Prandtl Number (Pr).
For a mercury flow in a circular channel in the presence of a non-uniform longitudinal magnetic field up to 6 T [18] it was found that the Nusselt number has a peak around 2 T (for Re= 1.41× 10
), although it decreased monotonically with B at lower Re. The heat transfer coefficient of a mercury flow in a helical tube under a strong magnetic field was also measured [19] where a minimum Nusselt number was observed around M= 100 and a maximum around M= 300.
In forced convective heat transfer on the surface of a heater pin co-axially inserted in a circular channel [56] it was found that the Nusselt number increased with an increase in B -having a peak around N = 10 before decreasing. The measured temperatures fluctuated periodically with large RMS values.
MHD circulating flow and natural con6ection
The effects of MHD turbulence on natural convection are also of particular importance in the design of fusion reactor blankets where Li-Pb serves mainly as breeder material [57, 58] . In flat box experiments [59] the influence of the strength and the direction of B on the structure and the heat transfer of free convection flow between a heated and a cooled plate was investigated. The experimental results from the vertical/horizontal arrangement of the flat box a horizontal magnetic field show the expected increase of damping of the free convection vortices with increasing M. Under fusion conditions, the free convection will be completely suppressed for the horizontal and reduced to one big vortex for the vertical arrangement of the flat cavity, reducing the heat transfer between the heated and the cooled plate to pure conduction [60, 51] .
Ref. [61] derives an expression for natural convection in a cubic enclosure with horizontal magnetic field based on experimental data with gallium [62] . It is recommended that this correlation be tested against data for other LMs to fully establish the Prandtl number dependence. For natural convection heat transfer in a lithium pool in a vertical cylinder with a co-axially inserted heater pin [63] a maximum value of the Nusselt number was found at Lykoudis number Ly= 50. For a lithium flow in a thin conducting horizontal circular channel in a transverse B field, it was found that natural convection was suppressed at low lithium velocity. The heat transfer coefficient at the top wall increased, and at a bottom wall decreased, with an increase in B. At higher Peclet Number, the application of a field deteriorated heat transfer uniformly on the channel inside surface [43, 17, 64, 65] .
Natural convection is seen to enhance heat transfer in a horizontal circular tube in a longitudinal magnetic field, which suppresses turbulence, but does not affect secondary convection flows [66] .
Open channel and two-phase flow
New interest has been focused in this area recently due to the emergence in the USA of the APEX and ALPS programs to investigate innovative solutions to heat transfer in FW and high heat flux components. In particular, the ideas of flowing liquid divertors and two-phase cooling techniques have been emphasized, where MHD phenomena are vitally important.
Open channel liquid flow and heat transfer
Significant modeling of open channel LM flows for possible application as a divertor or limiter in a tokamak has been carried out over the past two decades, mainly in Russia and former Soviet republic. This work, to our knowledge, has only been recently summarized in a new review report [67] carried out as part of the APEX/ALPS programs in the USA. Geometries of interest include flow down an inclined plate with various orientation of magnetic field and with/without applied electric currents to pump or guide the flow [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] , flow of LM jets issuing from an orifice [72, 76, 77] and droplet flow and impact on a surface [72, 79, 80] . Some (not exhaustive) significant conclusions from this work for fusion include:
Films
Velocity jets form at free surface if the field is coplanar, even if walls are electrically insulated. Fast thin film flows in coplanar fields exhibit significant MHD drag when the parameter Mb 2 is\ 10 for a coplanar field and when M\10 for a surface normal field component. Fully-developed flow models predict a non-linear relationship between film depth and flowrate where multiple depths are possible at the same flowrate. Inclined fields can lead to significantly deformed free surface shapes, but random surface waves are generally reduced in magnitude. Large unsteady surface waves can form in high field thought to be caused by Lorentz forces that exceed the gravity forces in the surface normal direction. Films can be guided and pumped by applied currents
Droplets
Uniform fields do not affect droplet translation, but plasma momentum can alter droplet trajectory. Droplets can be deformed by gradients in B. Splashing upon impact of droplet with a pool is significantly diminished.
Jets
Surface instabilities and jet breakup are delayed by a transverse magnetic field. Splashing upon impact with solid reduced.
AC EM forces can be used to destabilize jets into a regular droplet stream.
The recent work in this area in the USA has focused on a numerical analysis for MHD laminar and turbulent flows in open channels for APEX liquid wall applications [81] [82] [83] -where both LMs and Flibe are considered. In LMs, suppression of turbulence is expected due to their high electrical conductivity and field, and analyses ignore possible effects of turbulence. Different MHD effects, such as the increase in MHD drag Hartmann layer formation, etc. are studied in order to determine if an acceptable design window exists for LMs in this application. If the dividingwalls or penetrations that partition the flow domain into sections are electrically isolated, the velocity profiles are nearly slug-type and the increase in layer thickness is not large. Contrary to this case, if dividing-walls are conducting the velocity profiles demonstrate the M-shape and the drag is significant. MHD surface stability has also been investigated numerically to see if there exists the possibility of heat transfer enhancement via wave motion and increase surface area. Preliminary work has not yet demonstrated significant enhancement.
As for Flibe flows, bulk drag effects are negligible in most cases, while MHD effects on turbulence structure are of primary importance for heat transfer. These turbulent effects have been modeled using the K-6 model extended to the MHD free surface case by means of some additional terms, which stand for Joule dissipation and surface turbulence intensity. The analysis carried out for thin layers of Flibe in a transverse magnetic field has demonstrated the important role of turbulence suppression by a magnetic field (Fig. 6) . However, turbulence suppression is small if the Hartmann number is less than about 1000. As it can be seen from Fig. 6 , the turbulence suppression leads to a reduction of the friction factor and decrease in the flow thickness. Other results on turbulence suppression and heat transfer degradation are presented in [81] and a newer, presumably more accurate, version of the k-o model for open channel flows is discussed in [82] . Some overlap with fusion interests in free surface flows is exhibited in the crystal growth field where work on thermo-capillary driven convection in a magnetic field has been carried out to determine heat transfer in Ga -As melts. Morthland and Walker [84] have shown that a field parallel to a free surface can considerably reduce the size of convection cells driven by a surface heat flux to a thin layer at the surface, leaving the core region quiescent.
LM-MHD heat pipe critical heat flux
An experimental study of the effect of a transverse magnetic field on heat pipe critical heat flux was carried out in [85] . The experimental set-up allowed for a magnetic field up to 1.5 T and the inclination angle between the pipe and the horizon up to 45°. It was found that the critical heat flux drops by about 20% as the magnetic field is increased in the range of 0 -1.5 T. This effect can be compensated by a proper inclination of the tube relative to the horizon. The results obtained were used as the basis for a concept of fusion reactor plasma facing components cooled by LM heat pipes.
Stratified and mist flow characteristics
A helium -lithium two-phase annular mist flow, proposed for the reduction of MHD pressure drop in the cooling of the first wall and blanket, was investigated in [18,86 -88] with an air-mercury stratified flow in channels of various orientations and shapes in the presence of a magnetic field. For example, it was found that the MHD pressure drop in a horizontal channel with vertical field decreases due to laminarization and then increases with an increase in B, while the mercury film thickness and interfacial wave height increased. In addition, the heat transfer coefficient at the heated bottom of the channel decreased with B. The experimental result was simulated numerically using the k-o model of turbulence [6] and good agreement is obtained between experiment and analysis.
Later, [87, 89] helium -lithium annular-mist flow in a horizontal conducting rectangular channel was investigated as well. It was found that the pressure drop increased with transverse B in general, and in some cases, exhibited a maximum and then decreased. However, the ratio of the pressure drop of the two-phase flow to the lithium singlephase flow reached only 10% at the B = 1.4 Tconfirming the effectiveness of two-phase flow for the reduction of MHD pressure drop. The heat transfer coefficient increased with an increase in B up to 0.5 T and then became nearly constant after that point.
MHD and heat transfer have been treated in [43, 6, 64] for a helium-lithium two-phase flow in a horizontal thin conducting circular channel in a horizontal transverse magnetic field. It was found that heat transfer coefficient at the top and sidewalls increased drastically with B, particularly at low helium mass flux, although the Nusselt number decreased at the bottom wall. These results can be explained if one assumes that heat transfer coefficient drastically increases when the top and side walls are wetted by the change in flow regime from the stratified flow to the annular flow due to the Lorentz force.
Similar experiments were performed using a conducting helical tube [19] . Injecting air into the mercury flow was not effective for the reduction of MHD pressure drop in this case.
Bubble beha6ior and boiling heat transfer
Experiments on boiling in liquid metals [90, 91] show that bubble departure frequency increases with an increase in magnetic flux density in nucleate pool boiling of mercury on a horizontal heated plate. It is seen that the effect of the horizontal field on the bubble size and velocity was not significant [91] . Pool boiling heat transfer of mercury in the presence of a vertical magnetic field up to 7 T was investigated in [92] . The boiling heat transfer coefficient decreased by about 60% due to the MHD effect. The effects of the application of a magnetic field on bubble ebullition process including nucleation and bubble growth, and heat transfer have not been studied sufficiently.
Conclusions and future directions
It is clear that the phenomena of MHD turbulence and its effect on heat transfer will continue to be a very important research area for fusion. The mechanisms of the heat transfer enhancement and deterioration have not been systematically made clear, but are probably related to a local average increase in the flowrate near the heated walls. Understanding how to optimize LM flows to take advantage of 2D-MHD turbulence without dramatically increasing pressure drop is of primary concern in closed channel LM flows. The data available on heat transfer enhancement by a magnetic field in channels with electrically conducting walls seem to be contradictory. For example, the calculations carried out in [54, 55] show a dramatic decrease of the side-layer velocity and thickening of the boundary layer and indicate that the laminar MHD heat transfer mechanism (fast side-wall jets) appears to be more efficient than turbulent mixing. This conclusion is not confirmed by experimental results obtained recently [93] where large-scale quasi-two-dimensional vortices confined in the turbulent side layers were found to be effective in enhancing heat transport. This contradictory information likely indicates that the result is affected by different competing MHD mechanisms, which manifest themselves differently depending on flow parameters. Experiment and modeling should come together on an agreed benchmark problem to help clarify this issue.
For Flibe flows in closed channels, avoidance of significant heat transfer degradation due to turbulence suppression is important for the selfcooled blanket feasibility. The addition of the free surface for liquid walls and divertors makes this area even more complicated. An analysis of two-equation models of turbulence that are being used now has revealed some shortcomings. The standard wall-functions technique is not applicable to MHD flows if the mean flow MHD effects are pronounced and integrating the flow equations through the viscous sublayer in the presence of a magnetic field should be verified carefully. Also, additional terms may be necessary to accurately predict turbulence characteristics near side-wall jets in conducting channels. For free surfaces, a significant difficulty is an adequate description of turbulence suppression mechanism at the free surface, which is accompanied by MHD effects. To our knowledge, the data available at present for MHD flows in closed and open channels are not enough to solve this closure problem. Therefore, more experimentation is needed to provide detailed distributions of turbulent quantities near solid walls and at the free surface. In this connection, the most complete guide to the near-wall, near-surface turbulence is the Direct Numerical Simulation (DNS) or Large Eddy Simulation (LES) techniques. Some DNS studies for free surface flows are being carried out now in Japan in collaboration with researchers in the USA. At present, these studies are restricted to ordinary hydrodynamic flows, although MHD cases will be treated in near future [94] .
The issue of acceptable pressure drops for both free surface LM flow and in closed channel flows are still of paramount importance. Free surface flows are very sensitive to increases in drag and must be carefully analyzed to be sure of their performance in field gradients and near dividing walls or penetrations. The desirability of an effective insulator coating for fusion is again demonstrated by the results reported in this paper and the response of the flow to imperfections in such a coating must be fully understood. As emphasized in [16] , to increase the effectiveness of isolating coatings in liquid metals one has to solve the problem of liquid metal penetration through the pores in the coatings.
